Serrat MA, Williams RM, Farnum CE. Exercise mitigates the stunting effect of cold temperature on limb elongation in mice by increasing solute delivery to the growth plate. J Appl Physiol 109: 1869-1879. First published October 7, 2010 doi:10.1152/japplphysiol.01022.2010.-Ambient temperature and physical activity modulate bone elongation in mammals, but mechanisms underlying this plasticity are a centuryold enigma. Longitudinal bone growth occurs in cartilaginous plates, which receive nutritional support via delivery of solutes from the vasculature. We tested the hypothesis that chronic exercise and warm temperature promote bone lengthening by increasing solute delivery to the growth plate, measured in real time using in vivo multiphoton microscopy. We housed 68 weanling female mice at cold (16°C) or warm (25°C) temperatures and allowed some groups voluntary access to a running wheel. We show that exercise mitigates the stunting effect of cold temperature on limb elongation after 11 days of wheel running. All runners had significantly lengthened limbs, regardless of temperature, while nonrunning mice had shorter limbs that correlated with housing temperature. Tail length was impacted only by temperature, indicating that the exercise effect was localized to limb bones and was not a systemic endocrine reaction. In vivo multiphoton imaging of fluoresceinated tracers revealed enhanced solute delivery to tibial growth plates in wheel-running mice, measured under anesthesia at rest. There was a minimal effect of rearing temperature on solute delivery when measured at an intermediate room temperature (20°C), suggesting that a lasting increase in solute delivery is an important factor in exercise-mediated limb lengthening but may not play a role in temperature-mediated limb lengthening. These results are relevant to the study of skeletal evolution in mammals from varying environments and have the potential to fundamentally advance our understanding of bone elongation processes. bone; cartilage; nutrient supply; phenotypic plasticity; multiphoton microscopy ASSESSMENT OF LIMB LENGTH VARIATION among mammals, including humans, requires an understanding of the extent to which a growing bone can plastically respond to its external environment. Although bones have an intrinsic growth potential (37, 66), extrinsic variables, such as ambient temperature and physical activity, can modulate the skeleton's genetic blueprint and elicit permanent changes in limb length. Warm temperature and exercise promote longer limb growth, whereas relatively cooler temperatures and less active behavior produce shorter limbs (6, 11, 80, 83, 90, 106) ; the mechanisms by which they do so have remained elusive for over a century.
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Longitudinal growth occurs at the ends of long bones in cartilaginous growth plates (35) . Unlike many other organs, growth plate cartilage does not have a penetrating blood supply (20) . Growth plates receive nutritional support via delivery of solutes from the vasculature located in and around the adjacent bone (17, 105) . Exercise and temperature can alter the volume and velocity of blood flow to bone (43, 77, 80, 83, 91) , but it is unclear how these changes translate to growth plates where nutrients are transferred from the bloodstream. Developments in imaging technology offer a new opportunity to investigate this problem with the advent of methods for measuring solute delivery to growth plate cartilage in vivo (36, 82, 102) . These tools are a key advancement in skeletal biology research because they allow us to revisit many long-standing research questions about how environmental variables, such as ambient temperature and voluntary exercise, influence bone elongation in mammals.
Exercise and Temperature Effects on Limb Elongation
As early as 1896, Beyer (12) noted enhanced linear growth in young Navy cadets who underwent regimented gymnasium exercise compared with cadets under normal conditions. Adams (2) later found that adult women who performed manual labor during adolescence were taller than their nonlaboring peers. Many others have since reported a positive relationship between increased activity and increased bone length in humans (21, 62) and animals in natural and controlled experimental contexts (53, 59, 90) . These findings are not limited to mammals, as Losos and colleagues (60) were able to experimentally induce longer limb growth in lizards by varying their perch size during growth. They found that this within-generation increase in limb length parallels the morphology of natural-dwelling lizards from different habitats (60, 61) . At the other extreme, lower activity levels result in decreased limb length (11, 13, 93, 106) , similar to an effect of low rearing temperature.
Sumner (85) first documented the impact of ambient temperature on extremity size in laboratory mice over a century ago. Subsequent experimental work has clearly demonstrated that warm rearing temperature increases, and cold decreases, limb elongation (3, 6, 48, 49, 80, 99) . This interesting pattern closely resembles the ecogeographical trend, described in "Allen's rule," that extremities are shorter in animals naturally occupying colder climates (4) .
Role of the Vasculature in Exercise-and TemperatureModulated Growth
Evidence suggests that environmental temperature and exercise may modify extremity growth by inducing changes in limb vasculature (17, 94) . Processes of bone elongation depend on the delivery of nutrients and hormones from the bloodstream (17, 63, 94) . High temperature, exercise, and stimulated muscle contractions increase blood supply to bone (38, 43, 56, 59, 63, 64, 77, 91) , while cold temperature and muscle disuse decrease bone perfusion (14, 20, 25, 42, 43, 45, 77, 80, 87) . Increased or decreased blood supply can enhance (17-19, 68, 95) or restrict (16, 46, 89) bone elongation, respectively, suggesting that some of the growth effects common to activity and temperature could stem from changes in the vasculature. The purpose of this study is to test the hypothesis that chronic wheel-running exercise and warm rearing temperature promote bone lengthening by increasing solute delivery to cartilage growth plates.
Cold Rearing Temperature as a Natural Experimental Model
Cold rearing temperature presents a unique model to evaluate the interaction between exercise, solute delivery, and limb elongation. Previous work has shown that low rearing temperature causes a marked reduction in limb length and vascular supply in the absence of pharmacological or surgical intervention and with no impact on body mass (78, 80) . This creates a well-suited model to assess the growth-promoting effects of exercise beyond those that might occur within the normal constraints of physiology and genetics (57) . By simply lowering ambient temperature, the potential of a direct impact of exercise on bone length and vascular supply can be tested in a model where these factors are naturally reduced. The hypothesis that solute delivery mediates the exercise-induced increase in limb elongation predicts that growth plate solute delivery and limb length should be increased by exercise in the cold. The cold phenotype should be at least partially reversed by exercise.
Growth Plate Imaging Using Multiphoton Microscopy
Measurement of solute delivery to skeletal growth plates of a living animal is a nontrivial technological challenge. Classic in vivo bone and cartilage imaging is conducted on a macroscopic level and lacks the resolution required for visualization of the growth plate in detail (22, 34, 107) . High-resolution methods preserve excellent cellular detail and vascular structure in postmortem samples, but with a loss of physiological integrity (30, 41, 51, 104) . To bridge these dynamic and static approaches, our laboratory developed a novel platform for imaging tibial growth plates of live young mice using multiphoton microscopy (MPM) (36, 102) . This three-dimensional resolved form of microscopy renders optical sections of tissues from a live intact animal in unprecedented detail (31, 98, 110) . We are the first group to use these pioneering methods to obtain high-resolution images up to 150 m deep into the growth plate of a living animal with all surrounding vasculature intact (36, 82, 102) .
We employ the distinct powers of MPM to measure solute delivery to cartilage in vivo by imaging fluorescent tracers as they enter the tibial growth plate from the vasculature in real time. We follow a rigorous protocol to quantify tracer amount based on fluorescence intensity at a defined focal depth, and we standardize growth plate intensities to those in the vasculature to enable comparisons between animals (82). Among the key advantages of this system is second-harmonic generation from collagen, a unique feature of nonlinear microscopy that enables identification of the perichondrium as a surrounding landmark of the growth plate (103, 109) . Localization of the perichondrium is critical, because it allows consistent imaging in a defined growth plate region at a specified depth. The relatively long-wavelength excitation of the multiphoton laser alleviates tissue scattering and damage, allowing visualization of cellularly resolved detail 150 m into the growth plate (36, 102) . The integrity of the intact animal is maintained by examination of these skeletal tissues in vivo, enabling the assessment of responses to experimental conditions in real time (82) .
We previously described a protocol that used an acute temperature model of warming a single limb to examine the effect of short-term (Յ4 h) temperature exposure on solute delivery to tibial growth plates of live young mice (82) . Here we apply this established methodology to study the impact of chronic temperature exposure and voluntary wheel-running exercise in mice over an 11-day period. We define chronic as continuous treatment over multiple days, as opposed to acute exposure, which lasts only several minutes or hours. We tested the hypothesis that exercise and warm rearing temperature promote bone lengthening by increasing solute delivery to the growth plate. Solute delivery is quantitatively defined here by the total amount of intravenous tracer entry in mouse tibial growth plates, analyzed using in vivo multiphoton imaging (82) . Relative availability of this low-molecular-weight tracer is expected to be proportional to that of soluble nutrients and essential growth factors from the bloodstream. We housed weanling mice at warm (25°C) or cold (16°C) temperatures, with and without access to a running wheel, during an 11-day period that is characterized by exceptionally rapid growth in mice (8, 54, 78, 81) . We tested three a priori predictions: 1) cold rearing temperature decreases solute delivery to the growth plate; 2) exercise increases solute delivery to the growth plate; and 3) exercise rescues the cold limb phenotype.
MATERIALS AND METHODS

Animals and Treatment
All procedures were submitted to and approved by the Institutional Animal Care and Use Committee at Cornell University (protocol 2007-0179). Female C57BL/6J mice (n ϭ 68) were received from Jackson Laboratories at 21 days of age. After a 72-h shipping acclimation period, 24-day-old mice were individually caged and randomly assigned to four experimental groups (Table 1) : warm (25°C) wheel (WW), warm no wheel (WN), cold (16°C) wheel (CW), and cold no wheel (CN). We previously showed that temperature has a gradient-like effect on limb lengthening (78, 80) ; therefore, rather than designating one specific temperature as "control," we emphasize the cold-warm differential. We do, however, suggest that warm temperature without exercise can generally be considered the standard with which the other groups are compared, since this reflects normal animal housing conditions. Female mice were selected, because they are known for reliable exercise wheel usage, running farther and longer than their male counterparts (5). Treatments lasted for 11 days, and mice were euthanized by anesthesia overdose after multiphoton imaging at 35 days of age. This was the end point, because 5 wk is the optimal age for in vivo imaging (36, 102) . All mice were housed in standard plastic cages with corn cob bedding, 12:12-h light-dark cycle, and ad libitum access to food and water.
Mice in the cold temperature groups were housed in a 26-ft tific). The refrigeration unit had a glass panel front door and was equipped with a fluorescent lamp to provide the same light quantity as the warm-temperature mice housed in the same room. The exercise groups were provided continuous free access to running wheels (Fast-Trac, Bio-Serv) equipped with digital bicycle counters (model BC-906, Sigma Sport) to assess wheel usage. Wheels were fitted with high-power magnets (Power Magnet, Sigma Sport) that could be positioned up to 20 mm away from the counter, enabling placement of the counting device outside the cage. Since the mouse wheels (471 mm) were smaller than the minimum wheel size entry accepted in the cycle computer, wheel circumference was set to 1,413 mm, and output data were corrected by 1/3 to obtain actual distance run in kilometers.
In Vivo Multiphoton Imaging
We followed our previously described methods for measuring solute delivery in growth plates using MPM (82) . We quantitatively assessed rates of entry and movement of systemically delivered fluorescent tracers from the vasculature into the proximal tibial growth plate of 35-day-old mice. All animals were subjected to identical conditions (39) of anesthesia (1.5% isoflurane) and room temperature (20°C), regardless of prior wheel or temperature treatment (see Caveats and Technical Considerations).
Tibial growth plates were exposed through a minor surgical incision in the superficial fascia of the biceps femoris and gastrocnemius muscles between the medial collateral ligament and saphenous vessels, as previously described (36, 82) . For water-immersion imaging using a ϫ20/0.95 numerical aperture objective (Olympus XLUMPlanFl), limbs were bathed in lactated Ringer solution that was warmed to 34°C to maintain physiological limb temperature (10), while body core and respiration were held constant at 36°C and 120 breaths/min. After identification of a standard imaging depth in the growth plate (50 m below the deepest edge of the perichondrium), mice were given an intracardiac injection of fluorescein tracer (50 l, 0.5%), and time-lapse multiphoton images (880 nm wavelength) were captured every ϳ6 s spanning 10 min. Image collection did not continue beyond 10 min, because our prior work (36, 82) showed that the fluorescein accumulation curves plateau by ϳ8 min after injection. We collected data beyond this point until 10 min to verify that the growth plate and surrounding vasculature were fully saturated.
After in vivo imaging was completed, all image processing and subsequent analyses were done blind to group to prevent experimenter bias. Fluorescence was quantified in sample regions within the growth plate and vasculature at 1-min intervals using ImageJ (version 1.37, National Institutes of Health) and was evaluated at time points midway (5 min) and at the end (10 min) of the series following our published methods (82) . To facilitate interanimal comparisons, fluorescence in the growth plate was standardized to peak fluorescence in the metaphyseal vasculature by calculation of a ratio of average growth plate fluorescence to average vascular fluorescence measured 8 min after tracer injection (82) . This time point marked a plateau in the accumulation curves among the groups (see Fig. 3B ), ensuring that peak levels in the vascular compartment had been attained across groups.
Morphometry
Body mass and tail length were recorded for each mouse at the start (24 days) and end (35 days) of the treatment period following methods from a prior study (78) . Quadriceps muscles were dissected from the right femur after death and weighed to the nearest 0.001 g following published methods (47) . Long bones were dissected and measured from digital images acquired using a flatbed scanner (Perfection V30, Epson) following published methods (108) (Fig. 1) . As with image processing, all postmortem measurements were done blind to group to prevent experimenter bias. Total lengths of the humerus, radius, femur, and tibia were recorded. Humerus length was defined by the distance between the most proximal and distal articular surfaces; radius length was the distance between the head and distal point on the styloid process; femur length was measured from the most proximal point on the greater trochanter to the most distal point on the medial condyle in a line running parallel to the shaft; and tibia length was measured as the distance between the proximal articular surface and the most distal point on the medial malleolus. Some mice (n ϭ 6) were euthanized at 24 days without wheel or temperature treatment to obtain average representative starting limb length. All measurements were made in ImageJ (version 1.37).
Statistical Analysis
Statistical analyses were performed using SPSS 11.0 software, with ␣ ϭ 0.05 for all procedures. Data were evaluated using one-and two-way ANOVA designs. A two-way factorial model with temperature and exercise as fixed factors was employed to identify main effects of these variables and their potential interaction. One-way ANOVA with group (WW, WN, CW, and CN) as the independent variable was also used to more clearly distinguish differences among the four separate treatments. Tukey's honestly significant difference multiple comparison test was used to identify significant pairwise differences. Independent comparisons between groups and treatments were performed as appropriate using Student's t-test. Relationships among variables were assessed using Pearson's product-moment correlation.
RESULTS
Warm Temperature and Exercise Increase Limb Length
Compared with their cold and nonexercised counterparts, warm temperature and wheel exercise increased limb length in mice after the 11-day treatment period (Fig. 1) . Average long bone lengths measured from digital images (Table 1) were, in general, as follows: WW Ϸ CW Ͼ WN Ͼ CN. Two-way ANOVA revealed no effect of exercise on tail elongation (F ϭ 1.4, P ϭ 0.25) but showed a significant and sizable temperature effect (F ϭ 216.3, P Ͻ 0.001). Change in tail length in the cold mice measured only half of that in the warm groups, regardless of exercise ( Fig. 2A) . Femur length, by contrast, varied with temperature and exercise ( Figs. 1 and 2B ). With the exception of radius length, there was no temperature-by-exercise interaction in any of the variables (all F Յ 0.6, P Ն 0.45). The temperature-by-exercise interaction approached significance in the radius (F ϭ 3.1, P ϭ 0.09), with more pronounced shortening in CN mice (Table 1) . There were significant (P Ͻ 0.05, 1-tailed) effects of temperature and exercise on femur length (temperature: F ϭ 4.2, P ϭ 0.02; exercise: F ϭ 18.3, P Ͻ 0.001) and radius length (temperature: F ϭ 8.5, P ϭ 0.002; exercise: F ϭ 10.4, P ϭ 0.001). There was a large main effect of exercise on body mass (F ϭ 16.4, P Ͻ 0.001), quadriceps mass (F ϭ 31.4, P Ͻ 0.001), and lengths of the tibia (F ϭ 8.7, P ϭ 0.003) and humerus (F ϭ 7.4, P ϭ 0.005), but the temperature effect on these variables was not significant when tested with a two-by-two factorial ANOVA.
To more clearly distinguish among the four treatment groups, we next applied one-way ANOVA and Tukey's post hoc test (P Ͻ 0.05). Table 1 lists significant pairwise differences for each variable. Both exercise groups had increased body mass and quadriceps muscle mass. On average, mice in the WW group had the longest limb bones, with the exception of the humerus, which was slightly longer in the CW group.
In summary, mice with exercise wheels were larger, more muscular, and had significantly longer limbs than those without wheels, regardless of temperature. CN mice had the shortest limbs, confirming the predicted temperature effect (Table 1) . Tail length was increased by temperature but was unaffected by wheel running, indicating that the exercise effect occurred directly on the weight-bearing limbs.
Wheel Exercise Increases Fluorescein Tracer Intensities in and Around the Growth Plate
MPM was used to image solute delivery to the growth plate using fluorescein, a low-molecular-weight tracer, as a proxy for soluble factors in the bloodstream. Timed accumulation curves showed that exercise, but not temperature, increased fluorescein arrival and entry into the growth plate (Fig. 3A) . Within 5 min after tracer injection, absolute fluorescein intensities were ϳ1.5-fold greater in the growth plates of the wheel-running than non-wheel-running mice, regardless of temperature. This Fig. 1 . Temperature effects on femur length in wheel-running and non-wheelrunning mice housed at warm (25°C) and cold (16°C) temperatures. Cold housing without an exercise wheel decreased bone length, but wheel exercise increased limb length at both temperatures. All long bone lengths measured from digital images were, in general, as follows: WW Ϸ CW Ͼ WN Ͼ CN, where WW is warm wheel, CW is cold wheel, WN is warm no wheel, and CN is cold no wheel. Scale bar, 1 mm. Fig. 2 . Temperature effects on tail and femur length in wheel-running and non-wheel-running mice. A: tail lengths confirmed previous findings that extremities are shorter at cold temperatures. There was a significant and sizable temperature effect on tail elongation (2-way ANOVA: F ϭ 216.3, P Ͻ 0.001) but no effect of wheel-running exercise. Change in tail length in the cold mice measured only half of that in the warm groups, regardless of exercise. B: femur length varied with temperature and exercise. Conclusion is that the exercise effect was localized to limb bones and was not a systemic or endocrine reaction. Femur is plotted as change in length from a common baseline starting point, determined by average femur length of 8 mice at 24 days age. Tail is plotted as change in length from the start, measured for each individual mouse. Values are group means Ϯ SE. Statistically significant (P Ͻ 0.05) by 1-way ANOVA and Tukey's test for multiple independent comparisons: *WW and WN vs. CW and CN in pairwise comparisons; ϩWW Ͼ WN and WW Ͼ CN; ϩϩCW Ͼ CN. difference, however, only approached significance due to large within-group variation (wheel vs. nonwheel, temperatures pooled: Student's t ϭ 1.4, P ϭ 0.08). The wheel-no wheel difference declined slightly over time, but at 10 min there was still, on average, ϳ1.3-fold more tracer in the growth plates of the wheel groups.
Also, more tracer was measured in the metaphyseal vasculature adjacent to the growth plate in the wheel-running mice (Fig. 3B ): Ͼ1.3 times more fluorescein had accumulated in the metaphyseal vasculature of the runners by 5 min (temperatures pooled), indicating enhanced tracer delivery into and around the growth plates of exercised mice. Fluorescein intensities in the growth plate were nearly the same between the two exercised groups (Fig. 3A) ; however, there was more fluorescein in the metaphyseal vasculature of the CW mice than the other groups (Fig. 3B ). These differences, however, were not statistically significant because of large variation in the measurement (CW vs. CN at 5 min: Student's t ϭ 1.1, P ϭ 0.14).
In summary, exercise markedly increased fluorescein tracer intensities in the growth plate and metaphyseal vasculature of wheel-running mice. There was no appreciable effect of temperature on fluorescein levels in the growth plate or vasculature. Because of marked variation in absolute fluorescence values among individuals, a standardization factor was applied to enable more rigorous among-group comparisons.
Wheel Exercise Increases Relative Fluorescein Accumulation in the Growth Plate
Measured fluorescence intensities can vary among individuals as a function of imaging conditions (82), rendering absolute values difficult to interpret. Fluorescein intensities in the growth plate were therefore standardized to peak local vascular intensities in each mouse for additional comparisons (Fig. 4) . This standardization ensured that the intergroup differences in absolute intensities were not an artifact of imaging quality, since growth plate and vascular intensities were always highly correlated in each individual (Pearson's r ϭ 0.85, P Ͻ 0.001). In other words, when imaging conditions rendered lower intensities in the growth plate, a similar lower intensity was found in the adjacent metaphyseal vasculature of the same animal.
Two-way ANOVA applied to standardized data at the 5-min time point (Fig. 4) revealed a significant exercise effect (F ϭ 4.3, P ϭ 0.02) and confirmed the apparent absence of a temperature effect on relative fluorescein accumulation in the growth plate (F ϭ 0.02, P Ͼ 0.80). Multiple independent comparisons using Student's t-test showed significantly more fluorescein in growth plates of the WW group than the WN (t ϭ 1.8, P Ͻ 0.05) and CN (t ϭ 1.8, P Ͻ 0.05) groups. Although visibly greater, standardized values in the CW mice were not statistically different from those in the CN (t ϭ 1.3, P ϭ 0.10) and WN (t ϭ 1.2, P ϭ 0.12) groups, likely due to increased vascular levels in the CW group (Fig. 3B) , which slightly skewed the ratios. Relative growth plate fluorescence did not differ by temperature between WW and CW (t ϭ 0.2, P Ͼ 0.86) or between WN and CN (t ϭ 0.03, P Ͼ 0.98) groups, as indicated by ANOVA.
In summary, standardized fluorescein values in the growth plate were elevated in the wheel-running mice compared with Fig. 3 . Timed accumulation curves of fluorescein (FL) tracer in the growth plate and metaphyseal vasculature. A: exercise significantly increased FL arrival and entry into the growth plate. Within 5 min after tracer injection, absolute FL concentrations were ϳ1.5-fold greater in the growth plates of the wheel-running than nonrunning groups, independent of temperature. B: there was also more tracer in the adjacent metaphyseal vasculature of the wheel-running groups: Ͼ1.3 times more FL had accumulated in the metaphyseal region of the runners by 5 min (temperatures pooled), indicating enhanced tracer delivery into and around the growth plates of exercised mice. These differences in absolute values, however, were not statistically significant because of within-group variation. Group means are shown without error bars to facilitate viewing. Fig. 4 . Plot of relative growth plate fluorescence measured 5-min after fluorescein tracer injection. Fluorescein levels in the growth plate were standardized to peak concentrations in the metaphyseal bone region to account for variation in imaging conditions between mice (36, 82). Two-way ANOVA applied to these standardized data revealed a significant exercise effect (F ϭ 4.3, P ϭ 0.02) and confirmed the apparent absence of a temperature effect on relative fluorescein accumulation in the growth plate. Values are group means Ϯ SE. ϩStatistical significance (P Ͻ 0.05) by 1-way ANOVA and Tukey's test for multiple independent comparisons: WW Ͼ WN and WW Ͼ CN. their nonrunning counterparts, but there was no difference due to temperature. Exercise was the main effect.
Variation in Wheel Usage Relates to Differences in Limb Length and Solute Delivery
There was considerable variation in voluntary wheel usage among mice. Daily distances ranged from 5 to 25 km/day (Fig. 5) , but there was no significant difference between cold and warm groups (Student's t ϭ 1.5, P ϭ 0.15). Given that exercise impacts limb elongation, this fivefold range in average daily distance could account for the increased variation in other data collected ( Table 1, Fig. 4 ). Standard errors were consistently elevated in the wheel groups for nearly every variable measured, but tests for homogeneity of variances indicated that these were nonsignificant.
There appeared to be a slight positive relationship between distance run and femur length (Fig. 5 ), but this was not a statistically significant correlation (Pearson's r ϭ 0.1, P ϭ 0.28). However, three outliers had unusually long femurs compared with any other mouse in the sample (Ͼ13.2 mm), and one mouse exhibited extremely high wheel-running activity (Ͼ25 km/day). The three mice with the unusually long femurs were also among the largest animals at the start of the experiments, suggesting a potential unintended sampling bias. We therefore omitted these outliers on scientific grounds for an additional analysis to better assess the relationship between the variables. Excluding these outliers yielded a stronger positive correlation between femur length and distance run (Pearson's r ϭ 0.3, P ϭ 0.03), suggesting that there may be a trend between amount of wheel running and limb lengthening.
Since we were interested in the relationship between exercise-mediated limb lengthening and solute delivery to growth plate cartilage, we applied partial correlation analysis to account for variation in amount of wheel running. When we controlled for distance run, partial correlation analysis of relative growth plate fluorescence and femur length yielded a moderate, although nonsignificant, positive correlation (r ϭ 0.3, P ϭ 0.09).
In summary, wheel usage varied among mice and showed a positive, yet nonsignificant, relationship with femur length and fluorescein tracer intensity in the growth plate.
DISCUSSION
Warm Temperature and Exercise Increase Limb Length
We used an experimental system that integrated warm and cold rearing temperatures with wheel-running exercise in young mice to examine their individual and combined effects on bone elongation. We used warm temperature without a wheel as a comparison standard, because this is the normal housing condition for mice in our facility. We avoid the term "control," however, because the temperature effect on limb elongation follows a gradient pattern, and the presence of a temperature differential is the point of importance (78, 80) .
After an 11-day treatment period of naturally rapid growth in mice (8, 54, 78, 81) , we found that cold housing temperature decreased and exercise increased limb elongation as predicted. When combined, wheel exercise compensated for the shortening effect of cold temperature. All wheel-running mice had similarly lengthened limbs, regardless of temperature, while nonrunning mice had shorter limbs that correlated with housing temperature. Femurs were, on average, 0.3 mm longer in the WW than CN group (Fig. 2) . While this may seem minimal, consider that total femur length in the WW mice only increased by ϳ2 mm from the 24-day starting point. The 0.3-mm intergroup difference, therefore, represents a substantial 15% of the total length obtained during the study.
The bone most affected by temperature was the radius, which was distinctly shorter in CN mice. WW mice had the longest radii, illustrating a significant temperature-by-exercise interaction. We hypothesize this is because Ͼ70% of radius lengthening occurs at the wrist (29, 70, 71) , and so this growth plate had greatest exposure to ambient temperature by virtue of its anatomic location in the distal forelimb. Indeed, others have shown a similar proximal-to-distal gradient in appendage lengthening, temperature, and blood flow (3, 27, 65, 67, 78, 92) . The differential impact of exercise on the radius also is not surprising, since its active growth plate is at a primary weightbearing site of the mouse forelimb. We did not image the distal radius growth plate because of methodological constraints; however, we focused multiphoton imaging on the proximal (knee) growth plate of the tibia, where ϳ60% of its lengthening occurs at a high-impact site (29) .
The individual effects of temperature and exercise are consistent with prior work (3, 80, 83, 90) ; however, their combined effects on limb length are a novel result of this study. Interestingly, we found no impact of exercise on tail elongation, yet tail length was significantly reduced at cold temperature, as shown previously (Fig. 2) (80) . Others have also reported that exercise does not impact tail elongation (33) , and we suspect that this is because the tail does not experience an impact load. For instance, moderate compression of articular cartilage has an anabolic effect on chondrocytes by stimulating changes in cell matrix, fluid flow, and biochemical activity (72). Since A: voluntary wheel usage varied from 5 to 25 km/day, but there was no significant difference in average distance between cold and warm groups. There was a slight positive correlation between distance run and femur length (Pearson's r ϭ 0.3, P ϭ 0.03, outliers excluded as denoted by # and ##), suggesting that the amount of wheel running could be related to degree of limb lengthening. This 5-fold range in average daily distance may also account for increased variation in other data collected (see Figs. 2 and 4) . #Mice with unusually long femurs; ##mouse with extremely high running activity. growth plate cartilage is composed of the same resident cell type, it is possible that increased compression of the long bones stimulates the same changes in growth plate cartilage to enhance its growth potential, whereas temperature acts through alternate mechanisms (80) . The tail, therefore, absent loading on its articular disks, served as an exquisite control variable for the temperature effect.
Although exercise and warm temperature can increase levels of systemic factors, such as growth hormone (40, 97) , our observations using the tail as a temperature control support the concept that exercise affects the limbs directly, rather than generally promoting growth through systemic mechanisms. This direct, local effect is especially likely, since exercise can also increase circulating levels of stress hormones (84) , which are known to inhibit bone elongation (24) . We found that body mass was greater in mice in the exercise groups than in their counterparts without wheels, which we attribute in part to increased muscle mass. Mice with wheels had significantly larger quadriceps muscles (Table 1) , and we qualitatively noted that these animals were leaner and more muscular overall. The increased muscle mass, therefore, could be expected to exert larger loads on the skeleton (47), especially the weight-bearing sites. Since the tail does not experience load bearing and its length was not affected by wheel running, the conclusion is that the exercise effect was localized to the weight-bearing skeleton and was not a general systemic response to heightened activity. The ability to discriminate a local vs. systemic reaction to exercise has key relevance to studies on skeletal loading and mechanotransduction in bone (55, 74, 96) .
Wheel Exercise Increases Fluorescein Tracer Intensity in the Growth Plate
Since our results indicated that the exercise response was localized to limb bones, we used in vivo multiphoton imaging to test the hypothesis that exercise promotes bone elongation by enhancing solute delivery to the growth plate. We used fluorescein as a proxy for solutes in the bloodstream, because it is a nontoxic, low-molecular-weight tracer that enters the growth plate with relative ease (36, 82, 102) . We measured fluorescein in the proximal tibial growth plate after an intracardiac injection to determine whether solute delivery differed in groups exposed to chronic temperature and/or exercise treatment. Fluorescein levels in the growth plates and adjacent metaphyseal vasculature of wheel-running mice were increased as predicted. However, there were no temperature differences as hypothesized. This suggests that exercise has the primary effect on solute delivery.
The absence of a temperature effect on solute delivery in nonrunning mice was surprising, because their limb lengths were affected by housing temperature (Figs. 1 and 2) . In a prior study using microspheres to measure total bone blood flow in warm-and cold-housed mice, Serrat et al. (80) described a threshold response to temperature. They found that bone perfusion was only reduced in mice housed at their coldest study temperature (7°C) and did not differ between two warmerhoused groups (21°C and 27°C), even though limb lengths differed. It is possible that the temperatures used in the present study (16°C and 25°C) were above a similar cold threshold that maintains normal solute delivery to cartilage. In fact, the 16°C cold temperature in our experiments was mild compared with 0 -10°C in other studies (3, 6, 9, 85) . Importantly, 16°C was sufficient to induce a differential growth response relative to the 25°C warm-housed mice (note tails in Fig. 2) . If the threshold idea is correct, then it suggests that exercise must induce physiological changes to increase solute delivery above this normal threshold.
Mechanistically, one way to increase solute delivery to the growth plate would be to increase the total volume of blood arriving at a bone by increasing flow rate, enlarging vessel diameter (vasodilation), and/or increasing vessel numbers (angiogenesis). Our results complement published data that show that total bone blood flow is increased with exercise (43, 56, 59, 63, 64, 91) and are especially relevant in light of the known correlation between increased blood flow and bone elongation (17-19, 68, 95) . Our data are a key advancement, because we illustrate for the first time that these exercise effects can occur locally in growth plate cartilage. These data could not be obtained using other methods.
Fluorescein Tracer Intensities Differ in Growth Plate and Vasculature
It is interesting and unexpected that the WW mice had slightly lower levels of fluorescein in the vasculature, yet their relative growth plate levels did not differ from their CW counterparts. Vascular fluorescein levels were measured as the fluorescence intensity in the region of the metaphyseal bone adjacent to the growth plate, which contains a rich network of blood vessels (20) . One potential explanation is that coldreared mice have bones that are less dense, causing the fluorescein concentrations to appear higher in that region because of decreased bone density. Delahunty and colleagues (28) found a seasonal reduction in femur mineral content in female mice in the winter, suggesting that bone density could indeed be lower in the cold-reared mice. Radial bone expansion peaks during this stage of rapid postnatal growth (3-5 wk of age in mice) (23) , and so bone density changes might be expected in our experiments. We are currently investigating bone mineral density from micro-CT scans to address this possibility, and our preliminary results show a temperature effect despite the relatively short treatment period (unpublished data). Steinberg and Trueta (83) detected bone loss in comparable-aged rats as early as 1 wk following hindlimb immobilization, supporting the idea that the growing skeleton responds rapidly to changes in mechanical stimuli.
Variation in Wheel Usage Relates to Differences in Limb Length and Solute Delivery
Running distances in both groups ranged from 5 to 25 km/day, with an average of ϳ12 km/day. This is consistent with ranges published by others (5, 52) , with the variation expected since the activity was voluntary. We hypothesize that variation in wheel-running activity may, in part, account for the increased variation we detected in other variables (see error bars in Figs. 2 and 4) . Indeed, using the same strain of mice, Isaksson et al. (52) reported increased within-group variation in bone mechanical properties and collagen networks of the animals that voluntarily ran on wheels. We found a slight positive correlation between femur length and running distance, suggesting that variation in wheel usage could account for some of the variation in limb length. However, the corre-lation was only marginally significant when several outliers were removed on scientific grounds (see above), and so these results need further confirmation. Future studies using defined exercise regimens could clarify this issue by eliminating the variation introduced by voluntary exercise. However, defined exercise must be employed cautiously because of the potential for a negative physiological impact of overstimulation (32, 58, 73) .
Caveats and Technical Considerations
While our study provides fundamental data regarding the role of solute delivery in exercise-mediated limb lengthening, our results must be considered in light of several technical constraints. Most important for discussion is the length of treatment and the difference between rearing and imaging temperatures.
Length of treatment. While a longer treatment period would have been favorable to reveal greater intergroup differences, the 35-day end point was specific to the requirements of this study. We started with 24-day weanlings purchased from a commercial vendor to ensure that age-and sex-matched cohorts were available for regular weekly imaging. We previously found that 35 days of age is optimal for visualization of the proximal tibial growth plate in vivo (36, 82, 102) , since growth plate size and growth rate decline substantially thereafter in mice (8) .
It is essential to note that the 11-day treatment occurred during a period of naturally rapid growth in mice, in terms of body size (54) and growth plate activity (8, 81) . Animals in this study showed a 55% increase in body mass (10 g at start to 15.5 g at end point). It is therefore impressive, but not surprising, that the bone elongation differences emerged within this relatively short time period. These data support previous ideas that the postnatal skeleton is especially responsive to external stimuli during a critical postparturition window of heightened sensitivity (79) .
Rearing and imaging temperatures. Temperature change was one of the most difficult aspects of our experiments to control. Mice were reared chronically at cold and warm temperatures of 16°C and 25°C, respectively. Multiphoton imaging was done at a standard intermediate temperature of 20°C. Mice reared in the cold experienced short-term (up to several hours) acute warming when brought to the imaging facility, while the warm-reared mice experienced acute cooling. It was logistically not possible to avoid these temperature changes because of the sensitive nature of the microscopy equipment. However, maintaining the mice at the same neutral imaging temperature was the best way to ensure that we were investigating a permanent chronic change in solute delivery, rather than a transient effect of room temperature.
To minimize experimentally induced variation, we maintained rigorous control over core and limb temperature during imaging and otherwise subjected all mice to the same conditions (82) . Published data suggest that any impact of imaging conditions may actually only be minimal. Serrat (78) used microspheres to measure bone blood supply in cold-and warm-reared mice and found that surgical room temperature did not significantly affect bone perfusion results. Others have shown that anesthesia minimally impacts bone blood flow if normal core body temperature is maintained (1). Furthermore, acute exercise effects on bone blood supply are known to persist for 1 h after rest (91) , and chronic changes have even been shown in the resting state (56, 87) . We were interested in detecting a chronic change that could account for differences in bone elongation rate, and so we believe these methods are appropriate to the research question.
Summary and Implications
Using an experimental model that combines effects of temperature and wheel-running exercise on skeletal growth in mice, this study is the first to provide evidence for a role of solute delivery in exercise-augmented limb elongation. We found that limb length varied with temperature and exercise but tail length varied with temperature alone. This demonstrates that exercise effects were limited to the weight-bearing skeleton. Such effects were manifested in a long-term increase in solute delivery to the growth plate, which was clearly evident in the resting state. These results indicate that exercise may modulate limb growth by permanently enhancing availability of essential nutrients and soluble factors in the growth plate. It is significant, then, that temperature impacted extremity growth without altering solute delivery to the growth plate, suggesting that temperature effects on limb elongation occur through other physiological mechanisms (80) .
Our data demonstrate that in vivo multiphoton imaging is a reliable tool for measuring chronic changes in solute delivery to tibial growth plates of mice. These analytic methods will be useful for assessing the role of nutrient transport in natural and experimental models of growth plate dysfunction, particularly chondrodysplasias, where defects in the extracellular matrix could impede molecular transport in cartilage, leading to impaired bone growth (see review in Ref. 82 ).
These findings are relevant for assessing skeletal variation among mammals in different environmental contexts, particularly those where temperature and exercise could have a dual effect on morphology. For example, in an analysis of body shape in humans from two archaeological sites in Alaska with marked differences in winter temperatures (Point Hope vs. Kodiak Island), Holliday and Hilton (50) found that the groups had similar limb proportions, despite a 14°C difference in January high temperatures. They had expected to find relatively shorter limbs in the colder-dwelling Point Hope sample, on the basis of the prediction that their more extreme climate would have driven selection for a more cold-adapted body shape (50) . While genetic and environmental components must be considered, one speculation for their similarity in body form could be that heightened physical activity characteristic of both circumpolar groups mitigated some of the impact of cold temperature on limb length. Although this developmental plasticity hypothesis cannot be directly tested in fossils, the work presented here sheds important light on what remains a perplexing issue in human and mammalian evolution.
By illuminating exercise and temperature effects on bone elongation in a controlled setting, these laboratory experiments make evolutionary scenarios regarding the heritability of limb length problematic when viewed as simple adaptations for thermoregulation (69, 76, 86, 88) and/or performance (15, 75) . On the other hand, if these environmentally induced morphologies do confer an evolutionary advantage, they could poten-tially become fixed in a population through natural selection and/or genetic assimilation (7, 26, 44, 80) .
Building on the classic genetic assimilation work of Waddington and Baldwin, West-Eberhard (100, 101) elegantly described how morphologically plastic traits could evolve through the process of natural selection. Indeed, if exercise-or temperature-induced developmental lability could produce advantageous traits in the context of a challenging environment (7, 26, 44, 60, 61, 86) , it is likely that the underlying mechanisms could be under intense natural selection and, ultimately, become fixed in a population after many generations (80) . Indeed, West-Eberhard (100) suggested that environmentally driven phenotypic plasticity could actually have greater evolutionary potential than random mutation in terms of natural selection. Since skeletal material is often the sole reference for reconstructing an animal's biology and behavior, it is critical that we continue forging efforts to understand the causes and extent of this intriguing bone elongation plasticity. These efforts will be key to making better-informed assessments of skeletal adaptations among animals in our remote and distant past.
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